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Autocorrelation ceoefficient
Variable point of the source volume

Axi1al separation of the radiometers

Time

Convectlon rate

Intercorrelation coefficient

Jet axis

Diameter of the nozzle in the outlet plane
Abscissa of themaximum of the correlation coefficient.

Integral scale of 1ifetime

Integral scale of length along the Jet axis

Volume mass

Time

| Veloeity of 1iquid

Pressure

-Unit tensor

Observation point

Delayed time (emission time)

Autocorrelation of the four sound fields

Fourier transform of P (X, ¢)]

Spectral densityjof the far sound field

Sound intensity

Angle between the jet axls and the observation point
Sound velocity 1n the medium at rest

Local jet velocity
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1. INTRODUCTION

The purpose of the work carriled out by the ONERA [1] in
cooperation with the SNECMA [2] under the ageis/of the Technical
Aeronautic Service 1s to define a procedure for characterizing
noise sources in a hot jet. The requirement for such a pro-
cedure appeared because certain limits were reached regarding
noise reduction. In effect, according to work by Lighthill [3]
Ribner [4] and FFOWCS-WILLIAMS [5], for moderate subsonic cold
jets, there is a correspondence between theoretical models and
sound measurements in thé far field. These theoretical models
allow the prediection of the sound field (directivity and
spectrum) using turbulence variables defined with the scale of
the jet volume. Nevertheless, this correspondence only applies
if empdrical constants are introduced and if it 1s assumed
that the turbulence variables vary according to laws derived
from the models themselves. Experimental results are also

taken into account [6].
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Because of this, it became necessary to characterize noise
sources with a finer scale, for example,/by studying the contri-

bution of various sections of the jet,

—~ elther by including only certain parts of the jet in the
acoustlical measurements (using directional microphone systems

or only introducing a part of the volume source in the acoustic
space [721))]

- or by adapting the image source method by making correla-
tions between microphones located along a completely reflecting
wall [8].

In addition, in order to obtaln a finer spatlal scale,
acoustic investigators have used the following in order to
characterize the turbulence of cold jets: hot wires [9, 10],
acoustic receivers [11], laser strioscopy [12, 13], infrared
absorption measurements [14,15] and for hot jets, infrared
emission [16, 17]1. Only cold jets have been subjected to
acoustiecal investigations, performed with correlations between

hot wire and mierophone measurements [10, 11, 18, 19].
2. DEFINITION OF THE PROCEDURE

In the case of high or low velocity cold jets, the
theoretical freatment is very complex because of the mixture of
effects related to the density gradient, the temperature field
and the velocity field. These effects were experimentally estab-
lished [20]. A detailed theoretical analysis of these effects
and a classification procedure is in progress or planned for

various nolse generators [21, 22].



The method of operation proposed by ONERA is a global
method. Essentially, it attémpts to give a gualitative evalua-
tion of the effects of the mechanical or aerodynamic silencers
on the acdustic radiation (directivity and spectrum in the far
field). 1In this method, the jet volume is assimilated into
a volume with acoustiec radiation, which is everywhere characterized

by space-time wvariables.
It is assumed:

2.1. = that the information sampling in the jet results
in local information on noise sources or on their acoustic

emissions,

2.2, - that from this sampling one can derive the growth
"1n space of the turbulence varliables by means of a hybrid pro-

cessing of the signal,

2.3. = finally, that one can derive the acoustic radia-
tion in the far field by applying a numerical calculation to
these variables. For this, the inhomogeneous wave equation is
inverted. The second term describes the acoustic source. In
this way, a correspondence is established between the far sound
field and the turbulent emission field.

The complete procedure was already described elsewhere [1,
2, 23]. 1In this paper we will give new results regarding 2.1 and
2.2 after a brief summary of this procedure and previous essen-

tial conclusions.



3. DESCRIPTION COF THE PROCEDURE
3.1. Measurement method

Since we are dealing essentially with hot jets (with
expansion ratios between 1.2 and 3.4 and temperatures between
700° K and 1100° K) produced by propane combustion (anechold
chamber at the éngine test center, Filgure 1) or from kerosene com-
bustion (ONERA Test Laboratory, Figure 2), the adapted method,
inspired by Schetter [17], consilists of collecting a small volume
of the turbulent medium being studied with a receiver. The
recelver is equipped with an appropriate infrared radiation
optical deviece. The 1nstallation is shown 1n Figure 3.

Two receivers [24] wilth perpendicular axes and which are
orthogonal with respect to the Jet axis are utilized. Each of
these receivers simultaneously analyzes the infrared emissions
from. all the points of the jet located in the vieinity of fthe
optical axis. In the méantime, 1t has become possible to
assign a certain spatial definition to these radiometers along
thils axls by installing a diaphragm along the optical path which
has the function of a pupil. This means that the infrared
emissions from the volume located at the position which is con-
jugate to the position of the dlaphragm 1s given an increased
welght. If the spatial definition is to be improved even more,
it is necessary to use two instruments and their optical axes
must cross at the point being studied. Also 1t 1s necessary

to use a correlation method.

This configuration makes it possible to define the auto-
correlation coefficient €f§%o,z) ©f the iInfrared emission
at the point under consideration. Filnally, if the two axes
are separated by a distance 3, the cross correlation coeffi-

cient €Y5,9%,t) 1s measured by plotting curves of C as a function
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of ¥ for varlous values 3,and the space-time turbulence para-

meters can be derived.

This type of measurement means that a refined mechanical
installation will have to be available for displacing at least
one of the radiometer optical axes in a precise way during the

acoustic experiment.

Figure 1. CEPr echo chamber.

Figure 2. ONERA test cell.
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Figure 3. Principle of the installation

3.2. Hybrid signal processing.

3.2.1. Turbulence intengify

A radiometer located at various distances from the exit
plane of the nozzle 1s displaced in the ftransverse direction.
Each of the two radiometer measurement tracks| provide the mean
and root square [ <e?>)Y2 and the average value'-éE:J of the
signal. The variation of the ratio (<e*>)7%4e% 1s a re-
flection of the mixing zone geometry. This ratlo is related to
the turbulence inftensity and is a maximum at the end of the
potential cone, which demonstrates the importance of this zone

for the acoustic emission.

3.2.2. Space-time variables

Correlation coefficlents ©€Caa(3,=z) calculated from
measurements are used to find characteristic turbulence variables

using elementary calculations. The subscript 1 refers to
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radiometer 1, subscript 2 to the radiometer 2. 3 is equal to
the separation between the axes which contain radiometers 1 and
2 (Flgure 3) and ‘g is the delay.

Figure 4 shows an example of a correlation coefficient

C,.(%e) calculated from measurements made in a zone N defined
by the position of radiometer 1, the reference radiometer for the
fixed radiometer. A first analysis of these correlations [25]
shows that with a double affinity, the curves shown in Flgure !

can be superimposed (Figure 5). For any given X/D and for a
given 2Y/D, 1t can be seen that most of the curve remains intact
when 3 1ncreases. Thus we can define a representative form of
the correlation function in the zone under consideration. /6.4
This property also exists for measurements carried out at different
positions X/D and 2Y/D within the Jet.

Finally, it should be stated that any statistical study
of a zone in the jet implies the hypothesis of a steady turbulent
field. Mechanisms at an even larger scale could exist. Theilr

contributions to the sonic radiation should also be studied|

In Figure 6 we give an example of the convection rate
\{._-_-3/;"1 where Z, 1s the absclssa of the maximum of the curve -
Caa(3,2) . It can be seen that this velocity passeés
through a maximum in the vicinity of the end of the pofential

cone.

Flgure 7 shows an example of the axial profile of the
integral scale of the lifetime 8'1/"?5¢{1£5)d% ,|where Qa(tzn“
is the ordinate of the maximum of %iw{{Eﬁ . ‘

ra

Pigure 8§ gives an example of the actual profile on an
int 1 scale of th ial lati P oo~
integral s ) e axial correlation length .5 [C;e(‘j}o)d';)
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where C;e{‘-;,oJ/ is the ordinate of &, (1) at/- =0,

3.2.3. Calculation of the acoustic field

Let us recall the major points of the calculation [23]:

from the wave propogation esguation

3 — iy S
i,;%-caldf:V;F(

where f] is the volume mass and

?:fl?!}*—;-f {P"c't.r)ﬂ‘/
¥/ fluid velocity, p: pressure, ¢
the medium at rest and (¥) the unit tensor

with acoustic veloclty in

. We derive:

Py Z_ éﬁc‘x_/ [w‘* : / (1)

is the acoustic pressure at IZ} at the time t |

where prx el
and © L .e JE-Fl

/ and éﬁ is a moving point in the volume
source. o

We can derive a complete formal description of the acoustic
field using the following relationships:

3.2.3.1. Autocorrelation ZFrxjz of the far
sound f{ield

?{x c) </>(.L t},b(.r.’,f#-‘--szi

Translator's note: Symbol omitted in foreign text.
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zzrer? (2)

with  zhé"i

( Ejand 37" are two moving points of the volume source

-

x —y ! ' wart Vil
and F/w,s) <x"’7" (35 8) =5 e (37 £ 5>

3.2.3.2. Spéctral densitﬂTZ(j?,w)‘:

T, ";r;; [P (R3] s wedz | (3)

3.2.3.3. Acoustic intensity J‘(%?ﬂ:

T/ /__ <Pt J>“;__ 'P},gj,}__ /I[x"j,w]a’m (0
F’ A __— fv Co B ﬁC’

3.3 Essential conclusions from the first experiments:

The quantitative determination of the acoustic emissions
with infrared emlssion measurements is not possible at the present
time, because the signals cannot be confrolled to seale. The

first comparisons of the calculation results with acoustic

11



measurements and for two different operating ranges can only be

of a quanftitative nature.
These first comparisons showed that:

- the calculation gives the varlations of the acoustic
varlables very correctly and, in particular, determines the
following parameters:

- the maximum emission angle,

- the freguency of the maximum of the spectralﬁensityjcurve,
for the maximum émission angle,

- deviation between the maximum and minimum of the acoustic
intensity.

In addition, the analysis of correlations [25] showed, as
we pointed out in Sectlion 3.2.2, that 1t is possible to give a
representative form for the correlation function of the medium.
This form differs considerably from the Gaussian form. These
deviations cannot be explained by the limitations on the pass

band of the instrumentation.

Thege latter obsgervations led us to consider the turbulence

model in order to represent the phenomena 1n a betfer way.
4, CHARACTERISTIC TURBULENCE VARTIABLES

4,1, In PFigure 6 we show an example of the axial profile
of the convection rate. This rate is defilned by the slope of the
line 3 = ¢{Zmjwhere Zyjls the abscissa of the maximum of the curve
C€i2(3,2) (Fig. 4).

12



Temperature and avérage pressure measurements 1n the free
jet using a thermocouple and a Ekandtl probe resulted in the
velocity and average temperature profiles. We can therefore
compare the convection raté derived from the correlations of the
local velocity of the jet Vj. In Figure 9 we show an example
of this comparison. In particular, we can observe that fthese
two velocities coincide,up to the accuracy of measurement in the

developed turbulence zone.

4.1.2. The various correlation coefficients &y,(%,¢c)
were stored on a magnetic tape using a fast numerical Fourier
transform program. The Fourier transform ¢,,(3,w)] of the
correlation coefficient is also calculated. From this we derive
the cross spectralldensity (Figure 10) and the phase. From the
rhase we determine the convection rate for different fre-
gquencles, using an elementary calculation. Figure 11 a shows
an example of the wvariation of the conwvection rate as a funection

of frequency.

In Plgure 11b we show the curve EQL{ZQuH derived
from correlations. From thls curve we can derive a convectlon rate
which is representative of the entire spectrum. In Figure 1la we
can see that it is quite similar to Figure 12 taken from reference
f27]. In this particular case, the authors used a hot wire in a
cold Jet.

4,2, Length scale /6.7

From the correlations we derive (Figure 8) the integral

scale of length which is representative for the entire spectrum.

The cross spectralldensity can be used to derive a length
scale for each frequency of the spectrum for any point of the

volume source.

13
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In Pigure 13, we show the plot obtained after calculating
the Fourier transforms, and these give the variation in the
amplitude of the cross spectralldensity directly as a function of
% (axial separation of the two radiometers). We can also derive
the integral scale of length for the frequeney under considera-
tion. It can be seen that Figure 13 is similar to Figure 14,
also taken from reference [27].

4.3, Consequences
This method of operation has two advantages:

4.3.1. The information is obtained rapidly and with
a greater accuracy. Another method consisted of carryling out
correlations with filtered sighals. The number of correlations
which muat be calculated is equal to the number of selected
frequencies. Because of rfiltering, the accuracy of the position

of the maximum of the correlation coefficient is lost.

4,3.2. There is a better accuracy in the acoustical
calculation of the sound field. The spectralldensities and the
phases (or convection rate for freguency bands) are known and
therefore it is possible to replace the function P(x’,z) by
Prisw) (or I'(x* w) ) in the acoustic calclilation (Section 3.2.3).
This was| simply taken into account by the assumed form of the
spectrum and, on the other hand, the active region of each fre-
guency band, which is then represented by the corresponding
integral length scale, and not by a single integral scale for

the entire spectrum.

15
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5. PHYSICAL INTERPRETATION OF THE INFRARED SIGNAL

The signal provided by the detectors and connected with the
infrared emission of the warm jet is a function of concentration

and temperature.

Laboratory measurements preséntly in progress will determine
the 1law of variation of the signal as a function of these variables.
Nevertheless, from the infrared sound correlation different kinds
of information may be derivéd and we can therefore give a physical
interpretation of the signal. In order to do this, microphones
are placed in the near field, along a line parallel to the jet / 6.8
axis and at a distance sufficiently small so that each microphene
will cover the acoustic radiation of one single section of the

Jet.

5.1. The spectrall analysis of the microphone signal shows that
the spectrum maximum decreases 1in a monotonic fashion when we

move away from the nozzlé outlet plane.

5.2. The spectrallanalysis of the infrared signal shows the

same characteristics, but with a different slope.

5.3. The frequency and directivity of the contribution of the
volume source observed with infrared in the sonlc radlation is
derived from the cross spectraljdensities. We will present a
typical example:

- during measurements carried out in a free supercritical
jet from a nozzle with a central body having a mechanical,
structural silencer, the infrared-infrared correlation (Figure
15) shows that there is a spectrallemisslon which 1s very pro-
nounced around 13 XHz within a volume which has an axial limit of

17
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about 140 mm (the nozzle diameter is about 90 mm).

From infrared-microphone correlations, with the microphone
in the near field (at the radial distance of 400 mm), we were
able to show that thils particular spectral/emission corresponds
to an acoustic emission located in the same frequency band with

a maximum radiation of about 90°.

These observations were performed at the ONERA installation
where acoustic measurements in the far field are not very silgnifi-
cant. These measurements were confirmed by other acoustic measure-
ments in the echo chamber st the CEPP - SACLAY at a radlal dis-

tance of 6 m (acoustic measurements in the far field).

In Figure 16 we show the 1/3 octave spectraljanalyses of the
microphone signal obtained in the far field for various angular
posltions 6 (angle between the axis of the jet and the observation
direction).

We can see that this emission 1s essentially a maximum for
ewi? . Thus we were able to predict the acoustle consequences
of' a turbulent configuration located in a well-defined volume
wlthin the free Jjet. The analysls of such results using a

frequency band is presently 1n progress [28].
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16. Abstract

of a jet acoustic radiation is usually des-
cribed by characteristic turbulence data, defined at the scale of the
total emissive volume. . These data are deduced from theoretical models

of from ‘measurements making use of correlation techniques. Hence

these data have average values in time, i.e. fepresenting the whole spec-
trum. : ’

In this paper, after a discussion on the nature of acoustic sources
which may exist in a hot jet, and after recalling the crossed beam
techniques, is presented, on examples, a representation of a hot jet
turbulence by means of crossed spectral demsities. It is then possible tg
define at any point of the source volume the characteristic turbulence
data by frequency bands, and thus to know their dispersion.

The theoretical description
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